Abstract-The word 'Arsenic' elicits a fearful response in most people. It poses a major environmental and health problems. Widespread groundwater pollution by arsenic (As) has raised serious concern around the world. It has recently been recognized that As-contaminated groundwater used for irrigation may pose an equally serious health hazard to people eating food from the crops irrigated and that As accumulating in irrigated soils poses a serious threat to sustainable agriculture in affected areas. Tomato (Solanum lycopersicum L.) was selected as a model plant. To assess the phytotoxic effects of As, the tomato plants were grown hydroponically under controlled conditions and treatment was given to the roots. As caused reduction in plant growth by inducing an oxidative stress. Our observation on some growth parameters of tomato plants have revealed that given As dose was proved toxic, causing significant reduction in the growth of plants. It was clear that greater As accumulation in plant caused greater oxidative stress. Results from experiments are reproducible with respect to the morphological effects and cell death. In our study, a concomitant increase in ROS production (oxidative burst), the down-regulation of the antioxidant defence system and a change of lipid peroxidation were crucial for the onset of cell death. Results demonstrate that production of some phytohormones potentiated the oxidative burst. Significant increase of PAL activity was observed in consonance with increase of ROS level which shows primary defence system of plant against As exposure. Results, thus, clearly indicate that As induced oxidative stress in plants resulting in a range of responses in plants including readjustment of transport and metabolic processes and growth inhibition.
I. INTRODUCTION
Since the dawn of civilization, metal pollutants have been a part of the human history. However, the metal pollution of the biosphere has rapidly intensified since the onset of the industrial revolution, posing major environmental and health problems [1] - [3] . Among the metal pollutants, Arsenic (As) is of major concern. As toxicity has been known for centuries which has received increased attention because of its chronic and epidemic effects on human [4] . As can be present in the terrestrial, marine as well as freshwater environments in various chemical forms. As has become an important soil pollutant due to use of As-based pesticides and fertilizers, geological activities, anthropogenic impacts, disposal of municipal and industrial wastes, and irrigation with Ascontaminated water [5] , [6] . Widespread ground water pollution by As has raised serious concern around the world, especially in many parts of Asian countries such as Bangladesh, China, India etc. [5] , [7] . Plants represent the primary route by which As enters in food webs [8] . Increased levels of As in soil and water severely affect normal growth and development of plants and cause loss in yield [7] . As becomes hazardous to humans and animals ingesting plant materials from As-contaminated soil and water.
As is found in inorganic and organic forms and in different valence or oxidation states in the environment. Organic As species are less toxic than inorganic species to aquatic plants, animals and human beings that has been presumed to be true for terrestrial plants also [9] . Arsenate (As +5 ) and Arsenite (As +3 ) are the two major inorganic forms of As available in the soil and both forms are interconvertible depending on the redox condition of the soil [10] . Extent of toxicity of the two As species and the related genes and enzymes expressed due to exposure with the two species differ in plants [7] . As +5 , after being taken up by plants, causes damage to root membranes, inhibits cellular functions, induces oxidative stress, and even causes cellular death [11] , while As +3 is regarded as more toxic than As +5 for plants in terms of reduction in root length, shoot height, dry weight etc. [12] , [13] .
Heavy metals including metalloid As have been reported to stimulate the formation of free radicals and reactive oxygen species (ROS) leading to oxidative stress [14] - [18] . Requejo and Tena (2005) have reported the effect of As exposure on maize (Zea mays L.) root proteome and concluded that the induction of oxidative stress is the main process underlying As toxicity in plants. Plants [19] . Tomato (Solanum lycopersicum L.) is regarded as a good model plant because it is one of the most important vegetable plants in the world and knowledge obtained from studies conducted on tomato can be easily applied to other vegetable plants as well as fleshy-fruited plants which make tomato an important research material. Tomato expresses a large number of defence compounds and is also used as a model plant to test whether an elicitor or a particular pathogen are able to induce basal resistance or to activate forms of induced resistance. In the last twenty years this plant has been successfully used as a model plant to investigate the induction of defence pathways after exposure to fungal, bacterial and abiotic molecules, showing triggering of different mechanisms of resistance. The present investigation portrays a general idea about As-induced changes in oxidative metabolism and elicitation of oxidative stress response molecules in tomato plants.
II. MATERIALS AND METHODS

A. Plant material and arsenic treatment
The seeds of tomato (Solanum lycopersicum L. cv. Sel-7) were germinated in petriplates containing moist blotting paper discs in a controlled growth chamber at [25] [26] [27] [28] o C with 14 h light and 10 h dark cycle. After germination the seedlings of similar size were placed in a container of 2 L capacity having Knop's medium (pH 5.5-5.8). After 3-4 weeks the plants were used for As treatment. The 25-days old tomato plants were subjected to optimized 53.6 µM (4 ppm) As, supplied as NaAsO 2 . One set of the plants were kept without As treatment which served as the control. Plants were harvested at 0, 4, 8, 12, 16, 20, 24, 36 , 48 and 72 h after As treatment.
B. Plant growth and Arsenic content
The phytotoxic effect of As on the growth of tomato plants was investigated. Plant height, fresh weight, dry weight, main root length, and number of lateral roots of tomato plants exposed to 53.6 µM (4 ppm) As for 72 h were measured in triplicates and were repeated two times. Fresh weight (FW) of roots and shoots were taken immediately after harvesting, whereas dry weight (DW) was determined by drying the samples to a constant weight at 65 o C. As estimation was done by atomic absorption spectrometer (Perkin-Elmer; AAnalyst 800, Singapore). The As content was expressed as µg/g DW.
C. Estimation of ROS level
The H 2 O 2 produced was determined according to Sagisaka (1976) [20] . The amount of H 2 O 2 was estimated by a calibration curve prepared with known concentrations of H 2 O 2 (Merck, India). Measurement of nitro blue tetrazolium (NBT) reduction, a method used for the determination of O 2 .-, was done as described by Doke (1983) [21] .
D. Determination of lipid peroxidation
Lipid peroxidation was determined by measuring the amount of malondialdehyde (MDA) [22] , the end product of peroxidation of polyunsaturated fatty acids after treatment with various cell death inducers.
E. Production of phytohormones
For ethylene production, the treated and control root tissues of tomato plants were excised and placed in test tubes for 30 min to allow the escape of wound ethylene [23] . After this, the tubes were sealed for 2 h. Gaseous samples were then analysed for ethylene content on gas chromatograph (Model CP-3800 GC, Varian, Inc. CA, USA) equipped with flame ionization detector (FID) and a column (CP-Pora PLOT Q, 25 m × 0.32 mm) packed with fused silica. The ethylene content was quantified by comparison of peak areas with standard curve constructed from known amounts of ethylene gas (SSG, Alltech Asso. Inc., USA).
Salicylic acid (SA) reacts with ferric chloride to form coloured (blue or violet) complexes. The colour (blue/violet) development is considered a positive test and is an indication of the presence of salicylic acid. Calibration curve was used to calculate the concentration of the SA in the solution.
F. Assay of antioxidative enzymes activities SOD activity assay was based on the method of Beauchamp and Fridovich (1971) [24] which measures the inhibition of the photochemical reduction of NBT. CAT activity was measured spectrophotometrically according to Dhindsa et al. (1981) [25] . APX was assayed following the oxidation of ascorbate to dehydroascorbate at 265 nm (an absorbance coefficient of 13.7/mM cm) by a modified method of Nakano and Asada (1981) [26] . The activity of POX was assayed according to the method of Manoranjan and Dinabandhu (1976) [27] with minor modification.
Protein was determined by the method of Bradford (1976) [28] with standard curves prepared using bovine serum albumin (Sigma).
G. Estimation of PAL activity
The PAL activity was determined by measuring the amount of t-cinnamic acid produced from L-phenylalanine. The enzyme activity was expressed as nM t-cinnamic acid per mg protein. A calibration curve was prepared using a range of 2.5 to 25 nM t-cinnamic acid.
III. RESULTS AND DISCUSSION
A. Plant growth and arsenic accumulation
The phytotoxic effect of As on the growth of tomato plants was investigated in the laboratory. Plant height, fresh weight, dry weight, main root length, and number of lateral roots of tomato plants exposed to 53.6 µM (4 ppm) As treatment for 72 h were decreased significantly in comparison to control. As treatment caused significant reduction in the root and shoot growth as measured in terms of length and biomass. The root and shoot accumulated 311.5 and 424.1 µg As/g DW, respectively, as observed after 72 h of As treatment (Table 1 ). Our observations on certain growth parameters of tomato plants have revealed that As dose (53.6 µM) proved toxic, causing significant reduction in the growth of both the plant parts (Table 1) . This reduction could possibly be related to high As accumulation in plant tissues as they may have to use energy to cope with the high As concentration in the tissues [29] . No. of lateral roots 18.0 ± 0.51 13.0 ± 0.32
As content in roots (µg As g -1 dry weight)
--------311.5 ± 1.15
As content in shoots (µg As g -1 dry weight)
B. Effect of arsenic on ROS generation
In As-treated tomato roots, an increase in NBT reducing activity was detected as early as 4 h after the treatment and sustained for 2 days (Fig. 1) . The result indicated that As treatment evoked burst of O 2 .-in tomato roots. The elevated peak was observed at 48 h after the As treatment, thereafter the O 2 .-level declined. The roots treated with As showed enhanced H 2 O 2 release. The increase in H 2 O 2 was time-dependent. The amount of H 2 O 2 started to increase gradually from 4 h after As application that reached to maximum at 48 h and then decreased (Fig. 1) . The control roots had relatively low basal levels of ROS. Enhanced level of O 2 .-and H 2 O 2 in As-treated tomato roots showed prevalence of ROS in tomato plants under exposure to arsenic.
C. Effect of arsenic on lipid peroxidation
The level of MDA, the final decomposition product of lipid peroxidation in the roots of tomato plants treated with As, was significantly different from control in all samplings (Fig.  2) . MDA accumulation in root was significant after 4 h of treatment which increased gradually up to 48 h then declined afterwards. As produces oxidative stress which is evident from enhancement in lipid peroxidation. Heavy metals may cause molecular damage to plant cells either directly or indirectly through the formation of ROS [30] - [32] which include free radicals as well as non-radical molecules of high reactivity such as H 2 O 2 and O 2 .-. 
D. Effect of as on phytohormone production
Production of some phytohormones such as ethylene and SA was measured following the treatment of As to the roots of hydroponically grown tomato plants. A significant increase in ethylene production was observed following the treatment of As in comparison to untreated tomato roots. As triggered ethylene evolution from tomato roots within 4 h of treatment. With As treatment ethylene evolution was initially slower but increased rapidly after 8 h, reached at peak at 20 h and declined afterwards (Fig. 3) . SA is a major phenylpropanoid compound whose biosynthesis is triggered by various biotic and abiotic stresses. SA production started to increase from 4 h after As application that reached to maximum at 24 h and decreased thereafter (Fig. 3) . The phytohormones, ethylene and SA, were also found to play an important role in the process of cell death induced by the stress factor, as there was a significant increase in the amount of ethylene and SA following treatment with the As to the root tissue of hydroponically grown tomato plants (Fig. 3) . 
E. Activities of antioxidative enzymes
Tomato plants treated with As showed significant increase in the activity of SOD as compared to control. SOD activity increased with time after As exposure in the root tissues of tomato plants up to 48 h and declined thereafter (Fig. 4) . CAT activity in the roots of As-treated plants increased gradually reaching maximum at 48 h of exposure (Fig. 4) . However, it was less significantly higher than in the control at all the sampling times. APX activity in the roots of Astreated plants was significantly higher than in the control throughout the experiment (Fig. 4) . The POX activity increased significantly in As-treated root tissue. POX activity assayed with guaiacol increased gradually upto 2 or 3 days after As treatment in comparison to control (Fig. 4) . The first line of defence against ROS-mediated toxicity is achieved by SOD that catalyzes the dismutation of superoxide radicals to H 2 O 2 and O 2 . The significant increase in SOD activity observed in the roots of tomato plants after As treatment (Fig.  4) may be a part of this defence mechanism. In the present study, it was observed that CAT did not participate actively in H 2 O 2 reduction (Fig. 4) . This may be due to inhibition of enzyme synthesis or change in assembly of enzyme subunits. In our study, APX activity significantly increased with As treatment (Fig. 4) . It enhanced further with the increase in duration of As exposure. Increase in APX activity suggested a role of APX in the detoxification of H 2 O 2 . Plant peroxidases exist in a variety of isoforms that use different electron donors and may play different functions. Increased activity of POX enzyme on As application suggests their protective role in As toxicity. 
F. Changes in the level of PAL enzyme after As treatment
An increase in PAL activity was observed in response to treatment with As as compared to the control. In the root tissue, PAL activity increased gradually with time after the treatment of As and reached at peak after 24 h of treatment then declined afterwards (Fig. 5) . A significant increase of PAL activity in tomato plants confirmed the responsiveness of PAL-mediated primary defence system against the As exposure. 
IV. CONCLUSION
We conclude that As causes a reduction in plant growth in terms of fresh/dry weight and length of root and shoot by inducing an oxidative stress which is related to enhanced lipid peroxidation. To cope with the As-induced oxidative stress, antioxidant defence system plays a vital role. Several defence-related molecules are activated under oxidative stressed condition to protect the plant and enable it to resist As stress, whereas failure to compensate for that can result in plant cell death. Thus, This study may help researchers to understand the phytotoxic effects of As on crop plants and may constitute a basis for molecular breeding and genetic engineering of As-tolerant crops that can be used for phytoremediation purposes.
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